This paper will describe a wireless power transmission system which has been used during in vivo testing to power a blood pressure sensing implant [1] located inside the abdominal aorta of a 100 kg swine. Wireless power transmission is accomplished using an external power sender which is magnetically coupled to an RF energy harvester block which has been integrated into the medical implant's system package. The power sender is a class E amplifier which drives a wire loop antenna at 4 MHz, and the power receiver uses a ferro-magnetic core in an LC resonant circuit coupled to a Schottky diode charge pump rectifier followed by a DC voltage regulator.
Introduction
Any portable device which implements active electronic components requires a power source, and in most circumstances that power source is a battery. When it comes to medical implants, sometimes a battery based power supply is not the most desirable solution because a battery based system requires the periodic replacement of the depleted cells. Because of this drawback, wireless power transmission is being investigated as an energy source for powering the medical implants which are intended for long term permanent implantation. This paper will describe a wireless power transmission system which is used to power a blood pressure sensing medical implant which is under development in cooperation between the Hamburg University of Technology Institute of Nanoelectronics and the University Hospital HamburgEppendorf. The average power requirement of the implant is roughly 400µW, and the implant was positioned for animal testing inside the aorta of a 100kg swine.
Power Transmission and Energy Harvesting
The power transmission system consists of a class E power amplifier operating at 4 MHz, an impedance matching network, a low pass filter, and a wire loop antenna. The wire loop antenna couples with the energy harvester through its generated magnetic field. The energy harvesting system uses a ferro-magnetic core inductor in an LC resonant tank circuit tuned to resonate at 4 MHz.
2.1
The Class E Power Amplifier
A class E amplifier architecture maximizes amplifier efficiency by minimizing the transistor switching losses. This is accomplished by using an LC resonant circuit as its output load. The step response into an undamped resonant load causes ringing, and by switching the transistor only at the zero crossings of the drain voltage caused by this ringing effect, the transistor switching losses can be eliminated.
(
The output power of a class E amplifier follows the standard voltage squared power formula (1) where output power is the square of the supply voltage divided by the output impedance of the amplifier, which for the amplifier from Fig. 1 is roughly the parallel combination of the impedances from the two LC loads (2) .
The amplifier can supply between 100mW to 40 Watts of RF output power, with a nominal output of 1 Watt from a 5VDC supply. To get 1 Watt of output power from a 5 VDC supply, the output load impedance, is designed to be 25Ω.
The original Class E amplifier paper [2] calls for an RF choke to be placed between the supply voltage and the MOSFET's drain, but it suggests the possibility of using the inductor's reactance as part of the tuned resonant output impedance network. For this design, instead of using an RF choke, the reactive load network for the PA (Fig. 1) is designed in accordance with [3] which implements as a reactive element of the tuned output impedance network. By implementing as a part of the tuned impedance network instead of an RF choke, a smaller inductor can be used, with the associated lower series resistance and smaller package size.
Impedance matching and Low Pass Filtering
The power amplifier's 25Ω output impedance is fed into an impedance matching network where it is transformed into an output impedance of 50Ω. It is then fed into a low pass CLC Pi network (Fig. 2) which is tuned for 50Ω input and output impedance. Several of the reactive elements from the amplifier, impedance matching, and low pass filtering blocks can be combined resulting in the simplified schematic as seen in Fig. 3 .
Wire Loop Antenna
For energy coupling from the transmitter to the receiver, antenna design is the most critical aspect for achieving effective power transmission. For our system, the two main variables which degrade power transmission, distance and orientation, are fairly fixed constants. Because the implant is situated inside the abdominal aorta, the distance between the sender and receiver is a fixed value. Also, because the aorta is situated axial to the body within the torso, and because the flux linkage between the two inductors follows a ratio, the magnetic flux linking the transmitter antenna and the implant antenna is at a maximum.
The Wire Loop
The transmitting antenna for this design is constructed by wrapping a strand of braided wire around the torso of the patient.
Efficient transmission of power from the transmitting antenna to the receiving antenna requires that the magnetic field generated by the power sender at the location of the receiving antenna needs to be maximized. Starting with a statement of the Biot-Savart law (3), the magnetic field at the center of a single turn current carrying loop is given by (4) [4] . If the wire loop is placed on the torso so that the implant is located directly at the center of the wire loop (z = 0), then for an N-turn wire loop antenna with current I the magnetic field at its center is given by (5) . Hereafter, to avoid confusion between Radius and Resistance, the radius will be labeled .
The Antenna
The transmitting antenna is a current carrying wire loop inductor ( ) with a magnetic field strength described by (5) in a series RLC circuit (Fig. 4) . is the wire loop antenna, C is the resonance matching capacitor, and R is the parasitic resistance of the wire loop (section 2.3.4 describes the impedance matching network which transforms the RLC input impedance to 50 by distributing C into an impedance matching network). To determine the amount of B field which is generated by the wire loop, the frequency dependent impedance of the series RLC circuit can be used to find the current I through the wire loop inductor.
The RLC circuit has frequency dependent input impedance (6), and the current through the inductor L at resonance frequency, √ , as a function of antenna input power, , can be derived as (7). 
According to (5) , increasing the number of turns will increase the magnetic field strength. However, increasing the number of turns will also increase the conductor length which increases the parasitic resistance which reduces the amount of current flowing through the RLC circuit. If we take to be the parasitic resistance per inductor loop so that for N number of turns, , then (7) becomes (8), and combining (5) and (8) results in (9).
From (9), the field strength generated from a fixed input power increases with the square root of the number of turns N. However, increasing the magnetic field strength by increasing number of turns has a practical limit set by the ease of installing a multi loop antenna around the torso of the patient, and the diminishing returns of the magnetic field strength increase per extra loop. Also, as the number of loops is increased, at a certain point it becomes necessary to reduce the cross section of the conductor resulting in an ever greater increase to .
For the actual design, the number of transmitter antenna loops chosen was based on ease of implementation. A single loop was found to be more than sufficient for antenna diameters greater than 1 meter. However, for the animal test, the swine had a torso diameter of only about 40 cm diameter, and the reactive impedance of this size inductor at 4 MHz was only around j6 which could not be impedance matched using the network from Fig. 5 . The solution was to use two loops which increased the wire loop's reactance to j25 , which was matched to .
Operating Frequency
Choosing an operating frequency for the power transmission was done based mostly on the requirements of the rest of the implant system. The data transmission from the implant to the receiver was done with a 500 kHz carrier, so the RF Power Carrier needed to be at least a couple of octaves away from 500 kHz. Also, the implant's energy harvester reactive components should be small in size, so the higher the RF frequency the better. However, because many substances become lossy at higher frequencies, there is a very definite penalty for using too high of a frequency. For example, RF energy projected a depth of 15 centimeters into the abdomen at 1GHz will dissipate about 99.9% of its energy as loss into the various tissues, whereas a 1 MHz signal will only lose about 20% of its transmitted energy [5] . For our project, we are very concerned about the absorption of the RF energy by the patient's body. This absorption not only degrades the power transmission efficiency, but it also causes heating by dissipating energy into lossy tissues.
Taking all of these different requirements into account, a 4 MHz operating frequency was chosen for the power transmission RF frequency.
Antenna Impedance Matching
For maximum power transfer, the antenna's input impedance needs to be matched to the amplifier's 50 output impedance. This project's earlier antenna designs used a rigid copper coil which was tuned in the laboratory, and then put to use in the operating environment. It was noticed that making very slight changes to the antenna's surrounding environment could easily reduce the transmitted power by 20 dB (90%) or more. For the current antenna design, antenna impedance matching is performed after the antenna is placed around the patient's torso. Because of this, it was decided to first place the antenna around the patient's torso and to then tune the antenna under the exact conditions for which the antenna would be used.
To enable quick tuning of the antenna to the amplifier, a network of capacitors and switches is used as the impedance matching network (Fig. 5) . At 4 MHz, the parasitics from the switches had no noticeable effect on the antenna efficiency.
The Energy Harvester
The energy harvesting circuitry has three main blocks. The main blocks are the resonant LC tank, the charge pump, and the voltage regulator. The energy harvester is designed to collect the RF magnetic field energy, to DC rectify the collected energy, to provide overvoltage protection, and to regulate the DC voltage to 2.3 VDC for the implant's active electronics. 
The LC Circuit
The inductor from the harvester's LC circuit is coupled to the power transmission antenna through the magnetic field. The ferrite core in the implant's inductor, , has a relative permeability at 4 MHz. The ferrite rod is ground down to a 1mm x 2mm x 8mm shape, and it is wrapped with multiple loops of Litz wire. The magnetic field which energizes the implant's inductor is generated by the transmitting antenna's loop inductor as given by (9), and it is amplified by the permeability of the ferrite rod of (10). The antenna inductor is a solenoid inductor, and the amount of energy stored in solenoid is (11) [4] . Combining (10) and (11) results in (12) which is an expression of the energy in the implant inductor as a result of the magnetic field generated by the power transmitter's inductor . Equation (12) shows that the energy available for harvesting is a function of the field generated by the transmitter, and the receiving inductor's volume and permeability. Because , the power which the energy harvester can supply to the implant's active electronics has very little to do with the amount of inductance of the energy harvester coil. Instead, it is limited by the volume and permeability of the receiving coil. Adding more turns will increase 's inductance which will reduce 's current (13) while at the same time increasing the generated voltage (14), but the total energy will remain the same (15).
A major implication from (14) and (15) is that because the implant uses a linear voltage regulator, any extra voltage generated by the energy harvester is wasted in the regulator as current times the voltage drop, resulting in less power available for the active electronics. The final decision of about 15 to 20 turns for the implant antenna was based on having an inductance which allowed for the use of small valued resonance matching capacitors (between 68pf and 150pf which are available in SMD_0201 packaging), and then testing the system to see if the energy harvester functions as needed.
DC Rectification and Regulation
The alternating voltage from the LC circuit is put through a charge pump rectifier for DC rectification (Fig. 6) . The diodes are low junction capacitance Schottky diodes, and the charge pump output is a DC decoupling capacitor with zener diode overvoltage protection. The load is the series connection of the linear voltage regulator and the active electronics labeled Load in Fig (6) .
Results
Laboratory testing showed that this system is capable of supplying more than 1 mW of power to an implant situated ate the center of a 1 meter diameter antenna. The power transmission system also has no difficulty powering the implant when it is submerged in the center of a 150 liter container (75 cm diameter), filled with a human body model salt water concentration. During in vivo testing conducted at the University Hospital Hamburg-Eppendorf, this power transmission system effectively powered the implant while it was situated about 15-20cm inside the abdominal cavity of a 100 kg swine. During that test, the power transmitter was sending less than 500 mW of RF power to the transmitting antenna, and the implant was receiving the full 400 µW of power necessary for operation.
An important observation made during in vivo testing was that the system had no noticeable impact on the operation of the other electronic measurement equipment in the operating room. At the same time that the wireless power transmission system was up and running, there was also a heart rate monitor, breathing rate monitor, CT scanner, and an assortment of other electronic devices in operation, and there was no evidence of degraded performance in the other machine caused by the wireless power transmission.
